Background. The synergy between herpes simplex virus type 2 (HSV-2) and human immunodeficiency virus type 1 (HIV-1) is well known, but lack of knowledge about the epidemiology of HSV-2 acquisition in HIV-1-discordant couples hampers development of HSV-2 prevention interventions that could reduce HIV-1 transmission.
Herpes simplex virus type 2 (HSV-2) is the most common cause of genital ulcer disease in the world, and sub-Saharan Africa bears a heavy burden of infections [1, 2] . Manifestations of HSV-2 infection range from asymptomatic or nonulcerative symptoms to periodic outbreaks of painful ulcers [3, 4] . There is a strong synergistic relationship between HSV-2 and human immunodeficiency virus type 1 (HIV-1), resulting in greater shedding and elevated infectiousness of both viruses [5] [6] [7] [8] [9] [10] . HSV-2 can be managed with episodic antiviral medication (eg, acyclovir, valacyclovir, or famciclovir) to abort or reduce the duration of outbreaks or with daily suppressive treatment to prevent outbreaks and reduce asymptomatic viral shedding [11] . Although suppressive HSV-2 treatment reduces plasma HIV-1 viral load, a recent randomized trial failed to show a benefit of suppressive acyclovir therapy in reducing HIV-1 transmission [12] . However, daily suppressive therapy with valacyclovir decreases herpes transmission to sexual partners [13] . Prevention of new HSV-2 infections may be an effective HIV-1 prevention strategy, particularly among HIV-1-discordant couples in which either member of the couple is HSV-2 seronegative.
While estimates vary due to population characteristics, 10%-25% of new HIV-1 infections in sub-Saharan Africa occur in HIV-1-discordant couples [14] [15] [16] [17] . In this region, HSV-2 prevalence in one or both members of HIV-1-discordant couples is as high as 80% [18] . Yet there is limited knowledge about the timing and risk factors for HSV-2 acquisition in this high-risk population. Given the importance of HSV-2 in mediating HIV-1 transmission, we sought to better understand HSV-2 transmission in HIV-1-discordant couples by investigating its prevalence and incidence among stable HIV-1-discordant heterosexual couples in Nairobi, Kenya.
METHODS

Study Participants
Between 2007 and 2009, HIV-1-discordant couples were recruited from voluntary counseling and testing (VCT) centers in Nairobi and followed quarterly for up to 2 years. At enrollment and follow-up visits, clinicians collected blood specimens and assessed sociodemographic, behavioral, and biological characteristics by questionnaire [19, 20] . Participants were asked if there had been a separation or breakup of the relationship at each visit.
Eligible participants were ≥18 years old, had sexual intercourse with their study partner ≥3 times in the 3 months prior to screening, and planned to remain with their partner for the 2-year duration of the study. Additionally, at enrollment, the HIV-1-infected partner could not have a history of AIDS (World Health Organization [WHO] stage IV), be on antiretroviral therapy, or be enrolled in other HIV studies. Female participants who were pregnant at enrollment were excluded.
Written informed consent was obtained from all participants. Approval for the study was obtained from the Institutional Review Board at the University of Washington and the Ethics and Research Committee at Kenyatta National Hospital and the University of Nairobi.
HSV-2 Testing
HSV-2 status was assessed by HerpeSelect HSV-2 ELISA (Focus Diagnostics, Cypress, California) on blood plasma. Assays were conducted following manufacturer's guidelines with the following exception: an index value of ≥3.5, as opposed to manufacturer recommended cutoff of ≥1.1, was used to determine seropositivity in order to increase specificity [21] [22] [23] and for consistency with previous clinical trials [12, 24, 25] . An index value of 1.1-3.4 was defined as equivocal. Equivocal results may indicate true negatives with higher index values or true positives with low antibody levels. They may also indicate early HSV-2 infection. To investigate the effect of alternative cutoffs, we repeated analyses using cutoffs of ≥2.2 and ≥2.7, proposed by others to balance sensitivity and specificity [26, 27] . Baseline HSV-2 status was assessed for all participants at enrollment, and follow-up HSV-2 status was determined for those with negative or equivocal results at enrollment. Date of HSV-2 seroconversion was defined as the midpoint between the last negative and first positive visits. Participants who were HSV-2 seropositive and reported symptoms of genital ulcer disease at any study visit were treated with acyclovir according to Kenyan national guidelines.
Statistical Methods
We developed predictive models using logistic regression to identify couples at higher likelihood of being HSV-2-concordantly negative or discordant compared to couples that were concordant positive. We fit separate logistic regression models for being concordant negative and discordant. Given the crosssectional nature, we did not seek to investigate causal relationships. The objective of these models was to aid identification of couples that they could be targeted for HSV-2 prevention. We used forward stepwise selection using a threshold of P < .20 for adding a covariate to the model. We calculated HSV-2 incidence stratified by gender, HIV-1 status, demographic characteristics, and self-reported risk factors. Cox proportional hazards regression was used to investigate incident HSV-2 infection. We postulated a priori that gender would modify the associations between factors of interest and HSV-2 infection and therefore reported all analyses separately by gender. Univariate models were fit for each factor of interest. Adjusted associations were estimated by fitting separate models for each factor of interest that also included potential confounders selected a priori based on biological relevance to HSV-2 infection (HIV-1-status, age, and partner's HSV-2 status). All statistical analysis was performed using Stata (StataCorp, College Station).
RESULTS
Participant Characteristics
A total of 469 stable HIV-1-discordant couples were enrolled, of which 301 (64%) had a female HIV-1-infected partner. Couples reported cohabiting for a median of 5 years (interquartile range [IQR], 2-10), and nearly all couples (97%) were married. Median age at sexual debut was 18 years for both females (IQR, [16] [17] [18] [19] and males (IQR, [16] [17] [18] [19] [20] (Table 1) . A total of 20 (4%) men reported other sexual partners in the month before enrollment, compared to only 3 (0.6%) women. Fewer than a quarter (24.3%) of couples reported any unprotected sex with their study partner in the month before enrollment. (Table 2) HSV-2 Prevalence in HIV-1-discordant Couples
Of the 938 participants from HIV-1-discordant couples at enrollment, 542 (58%) were HSV-2 positive, 310 (33%) were negative, and 86 (9%) had equivocal HSV-2 results. Among females, 310 (66%) were HSV-2 positive compared to 232 (49%) males. There was a significant interaction between gender and HIV-1 status, with the lowest prevalence among HIV-1-uninfected men (39.9%) and higher prevalence among 
Effect of Alternate Index Value Cutoffs on HSV-2 Prevalence
We reclassified participants according to alternative index value cutoffs to define seropositivity and found modest effects. Among females, prevalence increased to 68.2% (index value ≥2.7) and 71.0% (index value ≥2.2). Among males, prevalence increased to 52.5% (index value ≥2.7) and 54.8% (index value ≥2.7). At the couple level, the proportion of couples affected by HSV-2 was 78% using a cutoff of ≥2.7% and 79% with a cutoff of ≥2.2.
Correlates of Couples Being HSV-2 Concordant Negative or Discordant
Of 469 couples, 353 (75%) were affected by HSV-2. Both partners were HSV-2-seropositive in 189 (40%) couples, 164 (35%) couples were HSV-2-discordant, and 116 (25%) couples were HSV-2-concordant seronegative. In 81 (17%) couples, one or both partners had equivocal HSV-2 results. We developed separate predictive models to identify couples that were HSV-2-concordant negative and HSV-2-discordant compared to couples that were HSV-2-concordant positive. In the final model for concordant negative couples, younger age (aOR, 1.15, 95% CI, 1.08-1.23), years of cohabitation (aOR, 1.10, 95% CI, 1.00-1.21), older age (>15 years) at female's first sex (aOR , 2.84, 95% CI, 1.03-7.85), desire for additional children (aOR, 2.04, 95% CI, 1.00-4.13), and not using hormonal contraceptives (aOR, 3.35, 95% CI, 1.24-9.06) were significantly associated with a couple being concordant negative vs concordant positive. The final model for HSV-2 discordance was similar but included fewer covariates, with only younger age (aOR, 1.05, 95% CI, 1.01-1.09), few number of children (aOR, 1.22, 95% CI, 1.01-1.48), and lower HIV-1 viral load in the HIV-1-infected partner (aOR, 1.27 per log10 RNA copies/mL, 95% CI, 1.03-1.56) significantly associated with HSV-2 discordancy.
HSV-2 Incidence
A total of 396 individuals from HIV-1-discordant couples were initially HSV-2 negative or equivocal, of which 382 had subsequent plasma samples and were followed for up to 2 years to assess HSV-2 incidence (101 HIV-1-infected women, 53 HIV-1-uninfected women, 52 HIV-1-infected men, and 176 HIV-1-uninfected men). During follow-up, 90 (35%) couples reported any unprotected sex with their study partner, which occurred more commonly in couples with an HIV-1-infected female partner (OR, 2.94; 95% CI, 1.85-4.68). A larger proportion of men than women reported any outside sexual partners during follow-up (12% vs 6%; OR = 0.46; 95% CI, .21-1.01), with no significant difference between HIV-1-infected and uninfected men (8% vs 13%, respectively; OR, 0.57; 95% CI, .19-1.72) or women (5% vs 8%, respectively; OR, 0.64; 95% CI, .16-2.48).
Overall, we observed 37 HSV-2 seroconversions in 423.3 person-years (8.5 per 100 person-years) among those initially HSV-2 seronegative and 39 seroconversions in 89.3 personyears (43.7 per 100 person-years) among those initially HSV-2 equivocal, for an overall incidence of 14.8 per 100 person-years (95% CI, 11.8-18.6 per 100 person-years). Incidence was higher among females than males (19.5 vs 11.9 per 100 personyears; hazard ratio [HR] = 1.58; 95% CI, 1.00-2.47). The incidence was 8.2 per 100 person-years among individuals with a partner who was HSV-2 seronegative at enrollment compared to 17.9 per 100 person-years among those with an initially HSV-2 equivocal partner (HR, 2.09; 95% CI, .94-4.68, P = .07) and 24.1 per 100 person-years among those with an initially HSV-2 positive partner (HR, 2.72; 95% CI, 1.65-4.51; Figure 1A ). There was a trend indicating interaction between gender and HIV-1 status (P = .10), with the highest rate of HSV-2 seroconversion among HIV-1-infected women and roughly equivalent lower rates among HIV-1-uninfected women (aHR, 0.50; 95% CI, .23-1.10, P = .08) and HIV-1-infected (aHR, 0.36; 95% CI, .15-.84) and uninfected men (aHR, 0.47; 95% CI, .27-.81), after adjusting for age ( Figure 1B) . We found small variations in HSV-2 incidence with lower positivity cutoffs. Using a cutoff index value of ≥2.7, incidence was 16.1 per 100 person-years (95% CI, 12.9-20.2 per 100 person-years), whereas a cutoff of ≥2.2 resulted in an incidence of 14.7 per 100 person-years (95% CI, 11.6-18.7 per 100 person-years). At the manufacturer recommended cutoff of ≥1.1, the incidence was 14.2 per 100 person-years (95% CI, 11.0-18.3 per 100 person-years).
Source of HSV-2 Infections
We classified the source of new HSV-2 infections as outside the HIV-1-discordant couple by identifying incident infections in participants with an initially HSV-2 seronegative partner. Overall, 23 (30%) of 76 new HSV-2 infections occurred in those with a partner who was HSV-2 seronegative at enrollment. Of 38 men who acquired HSV-2, only 3 (8%) had a partner who was initially HSV-2 seronegative. The female partners of these men had equivocal results at the end of follow-up, indicating these 3 men acquired HSV-2 from an outside partner and subsequently transmitted the infection to their partners. In sharp contrast, of 38 women who acquired HSV-2, 20 (53%) had an initially HSV-2 seronegative partner, and of these, only 2 had partners who were HSV-2 seropositive or equivocal at the end of follow-up. Only 1 of the 2 male seroconversions and 2 of the 20 female seroconversions due to an outside partner could be accounted for by a reported separation of the discordant couple. We conducted a sensitivity analysis to address concerns that the observed gender difference in the source of HSV-2 infection was due to differences in baseline HSV-2 prevalence. We assumed the extreme scenario that the source of infection was from the study partner for all women who acquired HSV-2 and had a partner who was initially HSV-2 positive or equivocal. We then varied the proportion of new infections attributable to an outside partner among men who acquired HSV-2 and had an initially HSV-2 positive or equivocal partner. To achieve the observed results if there was no true gender difference, >49% of infections in males with an initially positive or equivocal partner would have to be from an outside partner.
Correlates of Incident HSV-2 Infection Among Females and Males
After adjusting for age, baseline HIV-1 status, and partner's baseline HSV-2 status, females who had an equivocal HSV-2 result at baseline were >3-fold more likely to experience an HSV-2 seroconversion compared to those who were initially seronegative (aHR, 3.13; 95% CI, 1.55-6.31; Table 3 ). This association was even stronger among males (aHR, 4.04; 95% CI, 2.07-7.89). Having a partner who was HSV-2 seropositive at enrollment put men at a 9-fold higher risk (aHR, 9.35; 95% CI, 2.83-30.93) and women at 2.5-fold higher risk (aHR, 2.49; 95% CI, 1.25-4.99) of acquiring HSV-2 during follow-up. Interestingly, men with a partner who was initially HSV-2 equivocal were also at significantly higher risk of acquiring HSV-2 (aHR, 9.86; 95% CI, 2.30-40.65), whereas there was no association for females (aHR = 0.99; 95% CI, .29-3.33, P = .98). Among women, those who were HIV-1-infected acquired HSV-2 at a 2.5-fold higher rate than uninfected women (aHR = 2.53; 95% CI, 1.12-5.74). Among men, those who reported any unprotected sex with their study partner during follow-up were 2-fold more likely to acquire HSV-2 compared to those who reported no unprotected sex (aHR, 2.06; 95% CI, 1.04-4.10). There were no appreciable differences in the correlates of HSV-2 incidence when we excluded those with equivocal results at baseline or used alternate cutoff values for positivity (data not shown). 
HIV-1 Seroconversion
Among the 469 initially HIV-1-uninfected partners in HIV-1-discordant relationships, we observed 12 HIV-1 seroconversions (1.5 per 100 person-years). Of the 12 participants who acquired HIV-1, 4 (33%) were HSV-2 negative at enrollment. Of these, 2 (50%) also experienced an HSV-2 seroconversion, both of which occurred at the same visit as the HIV-1 seroconversion. One of the HIV-1/HSV-2 seroconverters, a female, had a partner who was initially HSV-2 positive, whereas the other, a male, had a partner who was initially HSV-2 negative and was HSV-2 equivocal at the end of follow-up.
DISCUSSION
We found high HSV-2 seroprevalence among HIV-1-discordant couples, with one or both partners HSV-2 positive in 75% of couples, compared to only 51% of couples in a previous population-based estimate from Kenya [18] . We also observed a large number of new HSV-2 infections in the HIV-1-discordant couples, with highest incidence in those with a partner who was initially HSV-2 seropositive (24.3 per 100 person-years). However, we also observed an appreciable incidence among those with an initially seronegative partner (8.2 per 100 personyears), indicating outside sexual partnerships for one or both members of the couple. Estimates of HSV-2 incidence in subSaharan Africa are limited, coming primarily from male circumcision trials. Previous studies from Kenya, Uganda, and South Africa found HSV-2 incidence in HIV-1-uninfected ranging from 2 to 6 per 100 person-years among males [28] [29] [30] and 6 per 100 person-years among females [31] . The >2-fold higher HSV-2 incidence we found among HIV-1-discordant couples indicates they are at considerably higher risk of new HSV-2 infections compared to the general population.
Participants reported high rates of condom use and experienced a low rate of HIV-1 seroconversion (1.5 per 100 person-years). Yet the high incidence of HSV-2, combined with a relatively high pregnancy rate (10 per 100 person-years), reported previously from this cohort [19] , indicate condom use was likely lower than reported. Risk-reduction strategies used by these couples appear to have contributed to lower rates of HIV-1 transmission, but there remains evidence of risky behavior, with particular concern regarding sexual partners outside of the HIV-1-discordant relationship. Incident and prevalent HSV-2 infections place these couples at elevated risk of HIV-1 transmission over the course of their relationships, highlighting opportunities for interventions to reduce the joint risks of HSV-2 and HIV-1 acquisition. We used a higher cutoff (index value of ≥3.5) to define an HSV-2 seropositive result, compared to the manufacturer-recommended cutoff of 1.1. This results in higher specificity, which is particularly important when one must be confident that a subject is truly infected with HSV-2 [21] . However, this gain in specificity comes at the expense of sensitivity. Our study demonstrated that participants with equivocal results (1.1-3.4) at baseline were 3-to 4-fold more likely to experience an HSV-2 seroconversion than those who were HSV-2 negative at baseline. It is likely that equivocal results were either due to recent HSV-2 acquisition or to transient low antibody levels. Those with equivocal results almost never regressed to have negative HSV-2 results (8%), but there was an equal proportion who went on to become HSV-2 seropositive (46%) and who remained equivocal (46%). From our data, it remains unclear whether persons with persistently equivocal HSV-2 results are truly infected with HSV-2 or if this is the result of crossreacting antibodies [21, 32] . Given these finding, caution should be used when interpreting equivocal HSV-2 results, with the choice of how to categorize equivocal results dependent on study design and consequences of misclassification or bias due to exclusion. Additional confirmation or use of a more precise assay may reduce ambiguity.
We observed gender differences in HSV-2 acquisition. Among men, the strongest risk factor for HSV-2 acquisition was the partner's HSV-2 serostatus. Interestingly, men with an HSV-2 positive or an equivocal partner both had a 9-fold elevated risk of acquiring HSV-2. In contrast, women with an HSV-2 seropositive partner had a 3.5-fold higher risk, whereas those with an equivocal partner had the same acquisition risk as those with an HSV-2 seronegative partner. These differences are likely due to transmission dynamics within these couples. Despite the fact that men were more likely than women to report outside partners, we found that the source of new HSV-2 infections originated from outside partners in a much larger proportion of women. Although it is possible that gender differences in baseline HSV-2 seroprevalence account for some of this difference, our sensitivity analysis indicates this is unlikely to fully explain this finding. Also interesting was the finding that after adjusting for partner's baseline HSV-2 serostatus, HIV-1-infected women were 2.5-fold more likely to acquire HSV-2 compared to HIV-1-uninfected women, whereas there was no difference among men. Couples in which the female partner was HIV-1-infected were almost 3-fold more likely to report unprotected sex during follow-up compared to couples with an HIV-1-infected male partner, which when combined with higher male-to-female HSV-2 transmission [33] , may explain the higher HSV-2 infection rate in HIV-1-infected women. Collectively, these factors put HIV-1-infected women at particularly high risk of acquiring HSV-2, which in turn elevates their risk of transmitting HIV-1 to an uninfected male partner.
Introduction of HSV-2 from sexual partners outside of HIV-1-discordant relationships raises concerns about risk perceptions in these couples. The low HIV-1 transmission rate within these couples and high reported condom use are promising indications that risk reduction counseling was effective. However, our findings highlight potential unintended consequences. Messages about the risk of transmission may lead some couples to use condoms consistently or to practice abstinence within the relationship but also to seek outside sexual partners that are perceived to be lower risk. This increases the risk of introducing other sexually transmitted infections (STI) into the relationship and of transmitting HIV-1 to outside partners. Individual and couple counseling should emphasize risk reduction both inside and outside of HIV-1-discordant relationship.
This study benefited from a relatively large sample size and extended follow-up; however, a number of limitations exist. Participants were recruited only from HIV-1 testing centers in Nairobi, which is a major urban center. This could affect generalizability, as HIV-1-discordant couples from rural areas or from other settings may differ from our study population. Selfreported sexual risk behavior may underestimate the frequency of unprotected sex and outside sexual partners and may limit our ability to assess these factors. The higher cutoff for positivity used in the HSV-2 assay resulted in a number of participants with equivocal results. Although we were able to determine that equivocal results at baseline were associated with HSV-2 incidence, we were unable to determine the true HSV-2 status of those with persistent equivocal results.
In conclusion, our observation of high HSV-2 incidence among HIV-1-discordant couples highlights the need for comprehensive STI treatment and prevention programs, particularly among HIV-1-discordant couples. This should include evidence-based interventions such as condoms, frequent testing, couple counseling to avoid intercourse during outbreaks, and encouraging HSV-2 status disclosure among partners [34, 35] . The high prevalence of HSV-2 in these couples puts them at elevated risk of HIV-1 transmission. Attention should be paid to identifying HIV-1-discordant couples who are HSV-2-concordant negative or discordant given that new acquisition of HSV-2 in these couples, either from within or outside the couple, represents a particularly high-risk situation [36] . Incident HSV-2 is associated with 2-3-fold higher rates of HSV-2 reactivation and asymptomatic shedding compared to prevalent infection [37] [38] [39] , likely explaining the elevated risk of HIV-1 infection following recent HSV-2 infection [36] . Suppressive valacyclovir therapy reduces HSV-2 transmission among immunocompetent HSV-2-discordant couples [13] . Although previous trials of HSV-2 suppression to prevent HIV-1 transmission failed to demonstrate efficacy [12] , prevention of HSV-2 within HIV-1-discordant couples may be an effective targeted intervention. The highest burden of HSV-2, both in terms of baseline prevalence and incidence during follow-up, was among HIV-1-infected women, and there was also a high incidence among women with an HSV-2 seronegative partner. This highlights the need for female controlled interventions, such as the tenofovir microbicide, which was shown to decrease the risk of HSV-2 infection [40, 41] .
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